We have systematically studied the magnetic properties of chromium chalcogene compounds FeCr2Se4-xTex. The FeCr2Se4 undergoes antiferromagnetic ordering below 222 K. Substitution of tellurium lowers the antiferromagnetic ordering temperature and leads to short range ferromagnetic cluster behavior towards the tellurium end. Change over from antiferromagnetic to ferrimagnetic like behavior is also reflected in the corresponding transformation from semiconducting to metallic transport behavior. There is a large variation in the Curie-Weiss temperature, effective magnetic moment and ordering temperature (TN / TC) with Te substitution. The electronic band structure calculations suggest antiferromagnetic and ferrimagnetic ground state for the FeCr2Se4 and FeCr2Te4 respectively.
INTRODUCTION:
The ternary chromium chalcogenides ACr2X4 (A = Fe Co, Mn, Cu, Zn, Hg, Cd; X = S, Se) exhibit a variety of physical phenomena like metal-insulator transition, colossal magneto-resistance (CMR), and multiferroicity [1] [2] [3] . The CuCr2X4 (X = S, Se, Te) compounds are ferromagnetic metals with Curie temperature TC > 375 K, while CdCr2X4 and HgCr2X4 exhibit multiferroic properties with magnetocapacitance coupling [4] [5] [6] . ZnCr2S4 shows mixed ground state of spiral and collinear magnetic structures below 8 K owing to almost equal strength of ferromagnetic and antiferromagnetic (AFM) exchange [7, 8] . ZnCr2Se4 is ferromagnetic (TC ~ 100 K) dominated by spin fluctuations but finally undergo antiferromagnetic transition (TN ~ 21 K) [9] .
The FeCr2X4 (X = S, Se, Te) compounds show competing spin-orbit and exchange interactions [3] . In FeCr2S4, ferrimagnetic order sets in below 165 K and shows CMR behavior [10] [11] [12] [13] . The -SR studies have shown that the collinear ferromagnetic phase (T < 165 K) transforms into a non-collinear helical ordering below 60 K [10] . The magnetic transitions at 165 K and 60 K shifts towards higher temperature in the high pressure [11] . It also exhibits strong magnetocrystalline anisotropy and quadrupole splitting of Mossbauer spectra below Curie temperature [15] . The FeCr2Se4 is antiferromagnetic insulator with Neel temperature TN ~ 222 K [16] [17] [18] [19] [20] [21] [22] [23] . It has monoclinic, brezinaite (Cr3S4) type structure where Fe atoms occupy ordered vacant sites in the metallic layer and Cr atoms resides in the layers without vacant sites [22] . The x-ray magnetic circular dichorism spectra of FeCr2Se4 shows strong hybridization between Fe 3d-states and Se p-states [16] . Such spectra points towards the presence of ferromagnetic component which is quite unusual for an antiferromagnetic (AFM) material. The x-ray absorption spectroscopy and photoemission spectroscopy measurements on FeCr2Se4 showed the valence states of Fe and Cr ions as divalent (Fe 2+ ) and trivalent (Cr 3+ ) respectively [16] . The structural and Mossbauer studies on the mixed-chalcogenide compounds FeCr2S4-xSex show that the strength of the superexchange interaction between the neighboring moments remains unaffected by anion substitution in spite of the change in structure from cubic spinel (FeCr2S4) to monoclinic (FeCr2Se4) [23] .
Though there are detailed electronic and magnetic studies on FeCr2X4 (X = S, Se) in literature, the FeCr2Te4 has not been studied much [24] [25] [26] . Andre et al. have reported the Fe-Cr-Te system near the FeCr2Te4 composition in the single crystals grown using vapor transport and the Bridgeman method [24] . We believe that the difficulty in preparing FeCr2Te4 in clean single phase might have been an obstacle in this regard. In the light of the interesting properties of FeCr2Se4-xTex, it is quite interesting to explore the effect of anion size effect on the physical properties of iso-structural FeCr2Se4-xTex. We have synthesized FeCr2Se4-xTex series to study the evolution of structural and magnetic properties upon tellurium substitution. The crystal structure of FeCr2Se4-xTex remains monoclinic (space group: I2/m) in the full doping range. We observed that AFM transition gets suppressed upon Te substitution and a short range ferromagnetic behavior evolves for x  3.3. The end member FeCr2Te4 shows cluster glass like magnetic ordering below 140 K. The low temperature Mössbauer study reveals wide distribution of magnetic hyperfine field confirming the inhomogeneous magnetic ordering in FeCr2Te4.
EXPERIMENTAL DETAILS:
The polycrystalline compounds of FeCr2Se4-xTex (x = 0, 0.5, 1.0, 2.0, 3.0, 3.3, 3.6, 3.8, and 4.0) were prepared by the solid state chemical reaction of high purity constituent elements inside evacuated quartz tube in the temperature range 950 -1020 0 C. The x-ray diffraction measurement were done at room temperature using Philips x-ray diffractometer. The magnetic measurements were performed in the temperature range of 1.8 -350 K, using Quantum Design SQUID magnetometer and Oxford Vibrating Sample Magnetometer. A Quantum Design PPMS was used for electrical resistivity measurements.
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Fe Mössbauer spectra was recorded in transmission geometry using a conventional constant-acceleration spectrometer and a helium flow cryostat. We have performed the electronic band structure calculation using WIEN2K program using Local Density Approximation (LDA) model [27] .
RESULTS AND DISCUSSION:
The Rietveld refinement of the x-ray diffraction (XRD) data was performed using GSAS and FullProf programs [28] [29] [30] . The compounds near tellurium end required higher sintering temperature of 1020 [16] . The FM interaction show its dominance over AFM interaction at low temperature and ferrimagnetic like magnetization is observed. As seen from the curve, a clear bifurcation of zero field cooled (ZFC) and field cooled (FC) magnetization curves is observed for For x > 2.0. This shows the enhancement in the FM exchange coupling on Te doping. It is plausible that the increase in the unit cell volume affects the AFM coupling along c -axis more than the ferromagnetic coupling along b axis. For x > 3.3, there is fast buildup of FM interactions and AFM order is completely suppressed. The FeCr2Te4 (i.e. x = 4.0) shows a clear peak at ~ 112 K with large divergence between ZFC and FC data. We measured M(T) at H = 0.5 T also for all the samples and carried out the Curie-Weiss fit in the temperature range above TN/TC to 350 K. The Curie-Weiss parameters p and effective magnetic figure 3 . The value of p ~ -800 K for FeCr2Se4 is comparable to the -751 K reported by Goya et al. [17] but much larger than -450 K by Kang et al. [20] . The p value decreases rapidly and becomes positive towards tellurium end. The magnetic moment of FeCr2Se4, 8.3 B is slightly higher than the 7.61 B by Goya et al. [17] . The magnetic moment of the compounds decreases from 8.3 B for FeCr2Se4 to 5.9 B for FeCr2Te4. The isothermal magnetization M(H) measured at 2 K ( fig. 4) shows hysteresis for the compositions corresponding to x = 4.0, 3.8, and 3.6; without the tendency of saturation of magnetic moments even at 12 Tesla field. For x  3.3, M(H) curve is almost linear as expected for AFM systems. This behavior further shows dominance of Ferrimagnetic exchange interaction for x  3.8 and AFM ordering for x  3.3.
We have shown the variation of magnetic transition with tellurium doping in figure 3 . The AFM coupling that sets in at 222 K for FeCr2Se4 is quite robust up to ~ 80 % replacement of selenium by tellurium (x = 3.3) and TN decreases to ~ 152 K for FeCr2Se0.7Te3.3. For higher tellurium concentration (x  3.3), ferrimagnetic cluster state emerges at lower temperature (TG ~ 30 K) for FeCr2Se0.4Te3.6. The state strengthens further for higher tellurium concentration (T~ 112 K) for FeCr2Te4. It is notable that there is reduction in the length of unit cell along c-axis for x > 3.0. The reduction in c is likely to enhance hybridization between d-orbitals of Fe and Cr atoms with porbitals of chalcogene and hence may play significant role in magnetic coupling between the transition metal atoms. . It is interesting to note that the obtained value of is ~ 0.004 which is comparable to ( = 0.005) for the canonical spin glass system CuMn [33] . Additionally, we tried to fit the susceptibility data with the Vogel-Fulcher relation [29] ; ln 0 = − ( − 0 ) , where Ea is the potential barrier separating two adjacent magnetic clusters, 0 is the characteristic frequency of the clusters, Tf is the freezing temperature and T0 is temperature, which is a measure of the inter-cluster interaction strength. The inset of the Fig 5(c) shows the fit to the Tf versus log ( ) data, which gives Ea/kB = 78.7 K, 0 = 5.2 10 10 Hz, and T0 = 108.9 K. The nonzero value of T0 suggests finite interaction between spins and formation of the magnetic clusters. We have measured M versus T at hydrostatic pressures of P = 0, 3, 5, 7, 9 kbar on FeCr2Te4. As seen from the figure 5(d), ordering temperature shifts towards lower temperatures upon application of pressure. This result coincides with the fact that ordering temperature also shifts towards lower temperature for FeCr2Se0.2Te3.8 and FeCr2Se0.3Te3.7 that have smaller volume in comparison to FeCr2Te4.
We have carried out 57 Fe Mössbauer spectroscopy studies to probe that local magnetic state of Fe in FeCr2Te4. The experimental spectra were least-square fitted to get the hyperfine parameters namely isomer shift (IS), magnetic hyperfine field (Hhf) and quadrupole moment. The Mössbauer spectra at 295 K, (Fig.6) shows a quadrupole doublet (e 2 qQ/2 = 0.33 mm/s) with a line width 0.39 mm/s, typical of paramagnetic state. The isomer shift is 0.57 mm/s and it shows that Fe is in 2 + state. Noticeable broadening of the spectral line is observed at 101 K in agreement with the bulk magnetization data. The Hyperfine field continues to evolve as the temperature is decreased. We could fit the 5 K spectra using seven independent sub-spectra with (Hhf) in the range of 2.5 Tesla to 21 Tesla and e 2 qQ/2 < 0.33 mm/s. The spectra at 101 K and 51 K was fitted using 3 and 5 subspectra respectively. The fit reveals that about 33% of the Fe nuclei experience negligible hyperfine field at 101 K whereas at 51 K, all the Fe nuclei attain a (Hhf) in the range 2.6 Tesla to 13 Tesla. The probability distribution of hyperfine field at 5 K is shown in Figure 6 (b). The distribution indicates the sensitive nature of the FE hyperfine field to its local environment and an inhomogeneous magnetic state. The other notable feature is that the maximum hyperfine field is only 21 Tesla (85 % of Hhf is less than 12.6 Tesla) indicating a substantially low magnetic moment on Fe ion. Based on the above mentioned studies, it is evident that the crystal structure of the FeCr2Se4-xTex remains monoclinic throughout the doping range. Though a, b, and volume of the unit cell monotonously increases, the c-axis lattice parameter shows decrease for x > 3.0. The increase in a and b upon tellurium doping, results in the reduced interaction in Fe-Fe atoms and Cr-Cr atoms along their respective planes. This might be responsible for the gradual decrease in AFM ordering temperature on increase of volume of the unit cell. However the reduction in c-axis for x > 3.0 indicates the possibility of enhanced hybridization between d-orbitals of Fe and Cr atoms with the p-orbital of selenium/tellurium. The magnetic ordering also follows similar trend as TN drops sharply for x > 3.3 and short range ferromagnetic order appears simultaneously. The onset of this short range ferromagnetic order for x > 3.3 compositions coincide with the reduction in c -axis value. The effective magnetic moment is also altered towards tellurium rich end. The Mossbauer spectroscopy shows a variation of Fe hyperfine fields from 2.5 Tesla to 21 Tesla indicating inhomogeneous Fe moment distribution. All these results are in agreement with the band structure calculations predicting a ferrimagnetic ground state and a reduced Fe moment for FeCr2Te4 as we move from FeCr2Se4.
We have carried out the electrical transport studies across the whole range x = 0 -4.0. The compounds show metallic behavior ( Figure 7 ) for x > 3.6, which coincides with the To understand the magnetic behavior of compounds we performed LDA based electronic structure calculations and found the magnetic and non-magnetic solutions for FeCr2Se4 and FeCr2Te4. We observed that the magnetic state of both compounds has lower energy than the non-magnetic state. The obtained energy differences between magnetic and non-magnetic ground states of FeCr2Se4 and FeCr2Te4 are 1.313 eV and 0.755 eV respectively. This energy difference can be used to roughly compare the magnetic ordering temperatures in the compounds that indicates the ordering temperature for FeCr2Se4 to be ~ 1.7 times higher compared to that for FeCr2Te4. Such estimation is very close to the ratio ~ 1.6, obtained from the experimental values of the magnetic ordering temperature of 222 K and 140 K for FeCr2Se4 and FeCr2Te4 respectively.
Further, considering the Fe and Cr spins parallel to each other in primitive unit cell, the calculated magnetic moments per formula unit for FeCr2Se4 and FeCr2Te4 are 8.44 B and 8.26 B respectively. The respective contributions of Fe, Cr and interstitials magnetic moments to the total moment were obtained as 2.64 B, 2.64 B and 0.63 B for FeCr2Se4; and 2.33 B, 2.74 B and 0.64 B for FeCr2Te4. The contribution of moment from interstitials is more for FeCr2Te4 than for FeCr2Se4. Since we have kept the muffin tin radii for Fe and Cr, same in both compounds, 
CONCLUSIONS:
We have systematically studied the magnetic properties of FeCr2Se4-xTex. The substitution of Te lowers antiferromagnetic ordering temperature and leads to the onset of short range ferromagnetic ordering towards the tellurium end. The sharp reduction in the long axis (c -axis) lattice parameter close to tellurium end (x  3.6) and high pressure magnetic studies corroborate well with the development of ferromagnetic exchange in the compound. Our results shows a change in the Curie Weiss temperature p and magnetic moment eff for x  2.0 compounds. Hyperfine field distribution obtained from Mössbauer spectroscopy also proves the existence of inhomogeneous magnetic order at low temperature for FeCr2Te4. The LDA based electronic band structure calculations also indicate ferrimagnetic order.
